Introduction: Asthma is associated with activation of interleukin-4 (IL-4)/interleukin-13 (IL-13)/signal transducer and activator of transcription factor-6(STAT6) inflammatory response via overexpression of all pathway components: IL-4, IL-13, and STAT6. Objectives: To evaluate the association of IL-4, IL-13, and STAT6 expression and immunoexpression with atopic asthma development. Patients and methods: Fifty patients with atopic asthma and 20 healthy controls were enrolled into the study. Relative gene expression was analyzed by qPCR method. Immunoexpression was assessed by ELISA method. Results: The expression levels of IL-4, IL-13, and STAT6 were higher in patients compared to the controls, but a statistically significant difference was observed only for IL-13 (P = 0.03). In immunoexpression analysis, a statistically significant difference between patients and controls was found for IgE (P = 0.03). Significant positive correlations in the patient group were found between IL-13 gene expression and total level of serum IgE (rho = 0.230, P = 0.033), STAT6 gene/STAT6 protein and total level of serum IgE (STAT6: rho = 0.077, P = 0.038; STAT6: rho = 0.049, P = 0.042), IL-4, and STAT6 expression (rho = 0.098, P = 0.048). Any significant correlations were found between expression/ immunoexpression levels of the studied genes and clinical classification, clinical features, or lung function parameters. Conclusions: Our data support the role of Th2 cytokines (IL-4, IL-13) and STAT6 in Th1/Th2 imbalance and highlight the etiological relationship between IL-4/IL-13/STAT6 signaling and atopy and asthma.
Introduction
Asthma, a phenotypically varied inflammatory disease, is influenced by genetic and environmental factors. 1, 2 The disease is defined by the presence of airway hyperreactivity (AHR), mucus overproduction, and chronic eosinophilic inflammation. Asthma is also often characterized by enhanced total serum IgE level upon the exposure to allergens, which is known as an atopy. The involvement of genetic predisposition in the development of atopy in asthmatic patients was confirmed on many family studies, through genome-wide linkage studies. [3] [4] [5] [6] [7] [8] The elevated IgE production in asthmatic patients results in promotion of acute hypersensitivity responses, chronic eosinophil-predominant allergic inflammation with Th2 cells cytokine production. Among Th2 cytokines (such asIL-4, IL-5, IL-13), which are responsible for the allergic response and IgE production, IL-4/IL-13/STAT6 signaling pathway seems to be the most essential. [6] [7] [8] [9] [10] [11] [12] [13] Interleukin 5 (IL-5) has been recognized as the most important cytokine in the eosinophil lineage and it has been identified as the key common molecule in inflammatory pathways in asthma. IL-5 plays a key role in eosinophil proliferation, differentiation, migration to tissue sites and survival, as well as in prevention of eosinophil apoptosis. [14] [15] [16] So far, several studies have confirmed the genetic linkage and association between 5q21-5q33 chromosomal region (involving, among others, loci for IL-3, IL-4, and IL-13) and atopic phenotype with predominance of Th2 balance. [17] [18] [19] It is claimed that IL-4 and IL-13 in particular and a common subunit of their corresponding receptor complexes (IL-4Rα) regulate allergic inflammation. 8, 20 Moreover, it has been documented that IL-4 and IL-13 are exclusive cytokines, regarding the stimulation of IgE production in B cells and Th2 type differentiation in T cells. 21 Also STAT6, the signaling molecule from JAK/STAT pathway, activated by IL-4 and IL-13 cytokines, plays an important role in IgE production and allergic airway inflammation. This mechanism was precisely documented in STAT6 gene-knockout animal studies, where IL-13 was suggested as a crucial cytokine in inducing asthma in animal model. [22] [23] [24] [25] IL-4, IL-13, or STAT6 deficiency in mice may influence the IgE synthesis and Th-2 type reactions. Based on animal studies, it can be assumed that molecular changes in transcriptional and/or translation level of IL-4/IL-13/STAT6 signaling pathway may be important in the development of atopic asthma in human. Additionally, so far little is known about the contribution of IL-4/IL-13/ STAT6 in atopy development and IgE production in patients with allergic asthma. 26, 27 The study of interactions between three major molecules in IL-4/IL-13/STAT6 signaling pathway might be essential in understanding the gene/protein expression effect of these molecules on the development and course of atopic asthma. Therefore, the aim of our study was the evaluation of IL-4, IL-13, STAT6 gene expression and protein immunoexpression in the context of their relationship with serum total IgE level and lung function in patients with atopic asthma.
Materials

Patients and control group
The study has been approved by the Ethical Committee of the Medical University of Lodz, Poland, no. RNN/94/11/KE. Written informed consent was obtained from each patient.
A total of fifty (n = 50) patients with atopic asthma, 13 men and 37 women (mean age, 48±6 years) were recruited in the study. Patients were admitted to the Department of Pneumonology and Allergy of N. Barlicki Memorial University Teaching Hospital No 1, Poland, during the years 2012-2014.
In order to confirm the diagnosis of atopic asthma, the patient should fulfill the following criteria: positive spirometric reversibility test or methacholine challenge; disease onset before the age of 40 years; and atopy confirmed by the positive skin-prick tests or IgE in the peripheral blood and positive family history. 28 Moreover, in controls IgE evaluation and lung function tests were performed. Current or ex-smokers, children, adolescents, and pregnant women were excluded from the study.
The skin prick tests were performed using commercially available tests (Allergopharma, Joahim Ganzer KG, Germany). The positive result was wheal size over 3 mm.
Measurements of total serum IgE were performed using commercially available, specific enzyme-linked immunosorbent assays (IgE ELISA kit, Allergopharma, Warsaw, Poland). The detection limit for the assay was 1 IU/mL. The concentration over 100 IU/mL was considered as high total serum IgE concentration.
Spirometry was performed according to European Respiratory Society (ERS) standards. 29 The reversibility test was done 20-30 min after 400 μg of inhaled salbutamol. Pulmonary function tests were performed: forced vital capacity (FVC), forced expiratory volume in 1 s (FEV1), and peak expiratory flow rate (PEFR) were measured. Results were expressed as percentage of the predicted values (% pred.). The ratio of forced expiratory volume in the first second to forced vital capacity (FEV1/FVC) was calculated ( Table 1) .
Twenty gender-and age-matched normal nonasthmatic volunteers were involved in this study as controls. The small number of controls was related to the technical problems -we did not manage to collect more healthy volunteers.
Methods
Blood sample collection
Blood samples were collected into 2 mL EDTA (anticoagulant) containing tubes. Lymphocytes were isolated using Histopaque-1077 (Sigma-Aldrich, Poznan, Poland), the density gradient cell separation medium, according to the producer's protocol.
Serum collection
The blood was collected in Eppendorf tubes, and left for approximately 30-45 min at 37°C (until clot formation). Then it was placed in a refrigerator at a temperature of 4°C for several hours (0.5-24 h) up to the total organization of the clot. Next, the tube was centrifuged (1200 × g 10 min, 4°C), and serum was separated from the clot carefully into a new sterile tubes, frozen, and stored at −20°C.
RNA extraction, real-time PCR
RNA isolation from lymphocytes was performed using RNA Isolation Kit (EURx, Poland), according to the manufacturer's protocol. The quality and quantity assessments of RNA samples were determined by mini-electrophoreses in polyacrylamide gel (Agilent 2100 Bioanalyzer, Agilent, USA), using RNA 6000 Pico/Nano LabChip kit (Agilent Technologies, USA). Complementary DNA (cDNA) was transcribed from 100 ng of total RNA, using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA) in a total volume of 20 μL per reaction. Reverse transcription (RT) master mix contained: 10× RT buffer, 25× dNTP Mix (100 mM), 10× RT Random Primers, MultiScribe™ Reverse Transcriptase, RNase Inhibitor, and nuclease-free water. RT reaction was performed in a Personal Thermocycler (Eppendorf, Germany) in the following conditions: 10 min at 25°C, followed by 120 min at 37°C, then the samples were heated to 85°C for 5 s, and held at 4°C. The relative expression was assessed using TaqMan probes: Hs00932431_m1, Hs00174379_m1, Hs00598625_ m1, for the studied genes IL-4, IL-13, and STAT6, respectively, as well as for β-actin (ACTB, Hs99999903_m1), as the reference gene. The qPCR mixture contained: cDNA (1 to 100 ng), 20× TaqMan® Gene Expression Assay, 2× TaqMan® Gene Expression Master Mix, RNase-free water in a total volume of 20 μL. The qPCR reactions were performed in Applied Biosystems 7900HT Fast Real-Time PCR System for 39 cycles, with annealing temperature of 60°C, repeated three times for each sample. The relative expression of the studied samples was assessed using the comparative deltadelta C T method (TaqMan Relative Quantification Assay software) and presented as RQ value, adjusted to β-actin expression level. RNA isolated from lymphocytes of healthy person served as calibrator sample.
Immunoexpression analysis
Immunoexpression analysis was performed using commercial ELISA kits for IL-4, IL-13 (Diaclone, Besancon Cedex, France), and STAT6 (RayBiotech, USA). The intensity of the final colorimetric reaction, in proportion to the amount of protein bound, was measured in a plate reader (ELx800, BioTek) at 450 nm. The obtained results were compared to the standard solution of known concentrations (10-1000 pg/mL). 
Results
Relative gene expression analysis in PB lymphocytes of patients vs. controls
In PB lymphocytes all studied genes: IL-4, IL-13, and STAT6 revealed higher relative expression (mean RQ values) in asthmatic patients when compared with controls. Statistically significant differences between these two groups have been observed only for IL-13 gene (P = 0.03, Mann-Whitney U test), with higher gene expression in asthmatic patients. The mean RQ values obtained for the studied genes in PB lymphocytes are shown in Table 2 . The expression of the studied genes was increased in relation to calibrator (RQ>1) in 32% samples in case of IL-4 gene (P = 0.17; Mann-Whitney U test), in 58% samples for IL-13 (P = 0.03; Mann-Whitney U test) and in 63% samples for STAT6 gene (P = 0.23; Mann-Whitney U test).
We found a statistically significant positive correlation between IL-4 and STAT6 (rho = 0.098, P = 0.048, Spearman's rank correlation) in the patient group (Figure 1 ). There were no statistically significant correlations between expression levels of the studied genes in the control group (data not shown).
Relative expression analysis of the studied genes in PB lymphocytes of patients in relation to the degree of asthma control
In PB lymphocytes higher relative expression (mean RQ value) was observed for IL-13 and lower for IL-4 and STAT6 genes for patients with uncontrolled asthma as compared to controlled asthma group (Mann-Whitney U test), however, without statistically significant differences. Mean RQ values for all studied genes in PB lymphocytes are shown in Table 3 .
Immunoexpression analysis of the studied proteins in serum of patients vs. controls
In blood serum, all studied proteins: IL-4, IL-13, and STAT6 revealed higher immunoexpression levels in patients with allergic asthma as compared to control group, but the differences were not statistically significant (P >0.05, Mann-Whitney U test). Mean immunoexpression levels of the studied proteins in serum are shown in Table 4 .
Immunoexpression analysis of the studied proteins in serum of patients in relation to the degree of asthma control
In blood serum all studied proteins: IL-4, IL-13, and STAT6 revealed higher immunoexpression levels in patients with uncontrolled asthma as compared to patients with controlled asthma, however the differences were not statistically significant (P >0.05; Mann-Whitney U test). The immunoexpression for the study proteins IL-4, IL-13, STAT6 in serum of patients in relation to degree of asthma control are shown in Table 5 .
Total serum IgE levels in patients vs. controls
Mean values of serum IgE levels in patients and controls were 93.2 IU/mL and 55.1 IU/mL, respectively. The difference was statistically significant (P = 0.03; Mann-Whitney U test). Serum IgE level Positive correlations were found between: the expression level of IL-13 gene and total level of serum IgE (rho = 0.23; P = 0.033; Spearman's rank correlation rho) and the expression level of STAT6 gene and total level of serum IgE (rho = 0.077, P = 0.038; Spearman's rank correlation). There was no significant correlation between the level of serum IgE and IL-4 expression level.
Protein expression analysis in relation to patient age, gender, smoking history, lung functional parameters (PEFR%, FEV1%, FVD%, FEV/FVC), degree of asthma control, and IgE level
Statistical analysis showed no significant correlations between the levels of protein immunoexpression and classification of patients according to the degree of asthma control (controlled and uncontrolled asthma), patients' clinical features (age, gender, smoking history), and lung functional parameters (PEFR%, FEV1%, FVD%, FEV/FVC) (P >0.05, Mann-Whitney U test, Kruskal-Wallis test, Neuman-Keuls' multiple comparison test, and Spearman's rank correlation). We found no significant correlations between IL-4, IL-13 immunoexpression levels and IgE levels.
Spearman's rank correlation coefficient revealed statistically significant positive correlation between STAT6 level and IgE levels (rho = 0.49, P = 0.042; Spearman's rank correlation) ( Figure 2 ).
Discussion
Atopic asthma is influenced by genetic and environmental factors, and the level of atopy in particular is an inherited tendency, characterized by high non-specific IgE and/or high specific IgE against common antigens. 27 Particularly, non-antigen specific IgE responses (total serum IgE level), involving interactions between mast cells, basophils, and T and B cells, require complex gene-gene and gene-environment interactions. Recently, many genetic and functional studies have highlighted the significance of IL-4/IL-13 signaling in the development of asthma and atopy. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [16] [17] [18] 26, 27 Specifically, several reports confirmed the correlations of IL-4Ralpha gene polymorphisms with atopy. 6, 7, 30 Surprisingly, the studies focused on mRNA/protein levels of molecules of IL-4/IL-13/ STAT6 signaling pathway and their significance in development and course of atopic asthma are rare.
In our study we confirmed higher mRNA level of the studied genes: IL-4, IL-13, and STAT6 in patients with atopic asthma when compared to controls, and in case of IL-13 this difference was statistically significant. This finding is in accordance with the observations of other authors who reported significantly elevated mRNA IL-13 levels in PB or bronchial mucosal biopsy specimens from asthmatic (atopic and non-atopic) subjects. 26, 27 Based on these results, we may highlight the hypothesis that IL-13 cytokine, especially on a transcription level, may have a regulatory function in the development of atopic asthma. Our finding may also be reinforced in the light of observations of Humbert et al., 19 who found a correlation between the IL-13 mRNA level and severity of atopic asthma. 27 The International Severe Asthma Forum (ISAF) 28 proposed the definition of severe asthma which causes much controversy among clinicians. According to the ISAF definition, severe asthma is distinguished on the basis of clinical signs and deterioration of lung function parameters, and also in untreated patients. Recently, according to the GINA guidelines and the World Health Organization (WHO) 32, 33 new definition of asthma, attention has been drawn to the degree of asthma control, and severe asthma has been well-defined as an uncontrolled severe asthma, with frequent exacerbations in the course of disease. In the light of this definition, we did not observe any significant differences in mRNA expression of IL-13 gene between controlled and uncontrolled asthma, however IL-13 expression was higher in patients with uncontrolled atopic asthma. Interestingly, Truyen et al. 34 demonstrated that IL-13 mRNA expression level significantly correlated with the percentage of eosinophils and was higher in subjects with allergic asthma. In our study we did not assess the percentage of eosinophils. However, another study showed that IL-13 expression was increased generally in asthma as compared to non-asthmatic eosinophilic bronchitis. 35 It points out a lack of correlation between IL-13 expression and eosinophil levels in the course of asthma.
Nevertheless, the relationship between IL-13 and IgE seems to be interesting because IL-13 and IL-4 were recognized as potent switch factors for IgE synthesis in human B cells in allergic patients. 18 Doleck et al. 18 confirmed that adding of IL-4, IL-13 to the cultures alone or in combinations significantly induced total IgE production. However, Wills-Karp et al. 36 suggested that IL-13 was one of the cytokines that induced asthma via the mechanisms independent of IL-4, IgE, and eosinophils. Also, Afshari et al. 27 found that IgE production in the asthmatic patients did not correlate with expression of IL-13 mRNA. Surprisingly, in our study the expression level of IL-13 correlated with IgE immunoexpression level in patients with atopic asthma. Our results are similar to those obtained by Metwally et al. 37 who found highly significant positive correlation between serum levels of IgE and the levels of IL-13 mRNA expression in patients with atopic dermatitis. This observation indicated that IL-13 overexpression is related rather to atopy than asthma pathomechanism. 38 In our study we also assessed IL-4 on transcription and translation levels. We did not find statistically significant differences between controlled/ uncontrolled atopic asthma, however the highest IL-4 expression was recognized in uncontrolled asthma patients and it was also higher in patients as compared to controls. This observation may suggest that IL-4 expression may play a significant role in asthma course but it is not a sufficient inducer for asthma. 6, 19 Additionally, the expression/immunoexpression level of IL-4 is functionally dependent on genetic variants of IL-4 (SNP). 36 In light of the association studies, it can be hypothesized that some IL-4 SNPs may lead to an overexpression of IL-4 gene and thus influence the immunological reaction. 39 In our study we did not observe the correlation between IL-4 expression/ immunoexpression and IgE level in patients. Our findings are consistent with the results of other authors. In the study performed by Kraan et al. 40 the correlation between the production of IgE and IL-4 in atopic patients with asthma was not recognized, and thus emphasized the fact that IgE synthesis is distinguished in different patient groups. On the other hand, the study performed by Humbert et al. 19 indicated that expression of IL-4 mRNA positively correlated with total serum IgE level and, similarly like in our study, did not correlate with asthma severity.
Park et al. 41 showed the association between single nucleotide polymorphism of IL-13 and lung function in early childhood. In COPD the association was found between IL-13 level and increased lung functional parameters, e.g. % FEV1. 42 In our study we did not observe any correlations between IL-13 expression/immunoexpression and lung functional parameters.
In atopic asthma it was found that IL-4 expression was stimulated via the activation of the STAT6 pathway thus showing that STAT6 plays a positive role, affecting the expression of IL-4. 43 In our study we observed higher expression/immunoexpression of STAT6 in asthmatic patients as compared to controls, and the expression levels of IL-4 and STAT6 showed significant positive correlation, also higher in uncontrolled asthma. So far, it has been documented that SNP variants influence IL-4Rα and STAT6 expression 44 and these are essential for the action of both cytokines, and for the development of atopy and asthma. However, no common variants of the genes were confirmed to be associated with phenotypes of asthma across different ethnic groups. 44 Interestingly, in our study we observed a positive correlation between IgE serum level and expression/immunoexpression of STAT6. So far it has been claimed that STAT6, the intracellular transcription factor, influences IL-4/IL-13 pathway activation and may be involved in the regulation of Th2 immune response, activating several Th2 specific gene promoters. 39 Shikarawa et al. 44 showed that mice deficient in IL-4, IL-13, or STAT6 were characterized by an absence of IgE synthesis and Th2-type reactions. It is pointed out that genetic variants (SNP) of molecules of the STAT6/IL-4/ IL-13 signaling pathway might be crucial for the development of atopic disorders. 44 On the other hand, other data suggested no significant association between STAT6 or STAT4 mRNA and asthma or serum total IgE levels, 45 although it was confirmed that it might promote humoral immunity, food allergies, and/or atopic dermatitis. 46 Moreover, STAT6 polymorphisms have an important influence on IgE level and development of asthma. 47 Lau et al. 48 has suggested that loss of STAT6 promotes autoimmune disease and atopy and STAT6 correlates with IgE level.
Studies focused on associations between STAT6 and lung functional parameters are rare. Leung et al. 49 suggested that STAT6 might influence lung function growth in asthmatic children. In our study we did not observe any correlations between STAT6 expression/immunoexpression and lung functional parameters.
Reassuringly, we found statistically significant positive correlations between the expression levels of IL-13 gene, STAT6 gene/STAT6, and total level of serum IgE. It could indicate the role of these genes and proteins in asthma progression. In the absence of other reports on these gene expression/ imunnoexpression in asthma, the results require confirmation in bigger group of asthma patients.
Additionally, we also found positive correlation between IL-4 and STAT6 expression levels, thus suggesting that IL-4 expression activated the STAT6 pathway.
No correlation was found between expression/ immunoexpression level of the studied genes and clinical asthma classification (controlled and uncontrolled atopic asthma), clinical patients' features (gender, age, smoking behavior) or lung function parameters (PEF%, FEV1%, FVD%, FEV/ FVC). In conclusions, we claimed that our data support the role of Th2 cytokines (IL-4, IL-13) and STAT6 in Th1/Th2 imbalance in atopic asthma and highlight the etiological relationship between the molecules of IL-4/IL-13/STAT6 signaling pathway in atopic asthma. The overexpression of STAT6 and IL-13 expression can be useful in the future in biological treatment of patients with atopic asthma by gene expression inhibition.
Such knowledge is extremely important in the context of inhibition of STAT6 in the potential treatment strategy of asthma. Currently, a number of biological molecules are being developed for the treatment of asthma. Moreover, pre-clinical and emerging proof-of-concept data suggest that IL-4/IL-13/STAT-6 pathway plays important role in the pathogenesis of asthma (by promoting airway hyperresponsiveness and inflammation). Additionally, the targeted therapy toward STAT activity might be based on the findings regarding IL-4 and/or IL-13 expression in asthma. Data suggested that the biological compounds targeting these molecules may provide a new therapeutic modality for patients with uncontrolled severe asthma. 43 
